A novel mosquitocidal protein gene, cry20Aa, was cloned from Bacillus thuringiensis subsp. fukuokaensis (H-3a: 3d: 3e). The gene product, Cry20Aa, was naturally truncated and had a molecular mass of 86,138 Da. The Cry20Aa protein possessed five conserved sequence blocks, as do most other insecticidal Cry toxins. However, an amino acid comparison of Cry20Aa with other mosquitocidal toxins, including Cry4A, Cry4B, Cry10A, Cry11A, and Cry11B, demonstrated that Cry20Aa was quite different from other toxins except for the conserved blocks. The N terminus of Cry20Aa was, however, homologous to the N termini of Cry4A and Cry10A. Interestingly, an inverted repeat (IR1) sequence in the open reading frame of the cry20Aa gene caused incomplete expression of Cry20Aa. When this internal IR1 sequence was altered with no change of amino acid sequence, acrystalliferous B. thuringiensis cells transformed with cry20Aa gene dramatically produced crystal inclusions. However, the intact 86-kDa Cry20Aa protein is highly labile, and it is rapidly degraded to polypeptides of 56 and 43 kDa. To increase expression of the cry20Aa gene, the p20 chaperonelike protein and the cyt1Aa promoter were utilized. While p20 did not increase Cry20Aa expression or stability, chimeric constructs in which the cry20Aa gene was under control of the cyt1Aa promoter overexpressed the Cry20Aa protein in acrystalliferous B. thuringiensis. The expressed Cry20Aa protein showed larvicidal activity against Aedes aegypti and Culex quinquefasciatus. However, the mosquitocidal activity was low, probably due to rapid proteolysis to inactive 56-and 43-kDa proteins.
sis subsp. israelensis toxin genes are cloned into other organisms and used intensively for mosquito control, mosquitoes may become resistant in the field. Therefore, the isolation and characterization of novel mosquitocidal toxins are critical both for increasing the diversity of dipteran toxins and for overcoming potential problems associated with resistance.
In our continuing search for novel toxins against dipteran pests, we cloned a novel protein gene from a mosquitocidal strain of B. thuringiensis subsp. fukuokaensis. Here we report the cloning and characterization of a gene that encodes an 86-kDa protein designated Cry20Aa. We also describe the overexpression of the cry20Aa gene with the cyt1Aa promoter in an acrystalliferous B. thuringiensis strain.
MATERIALS AND METHODS
Bacterial strains and plasmids. B. thuringiensis subsp. fukuokaensis H-3a: 3d: 3e, B. thuringiensis subsp. israelensis H-14, and an acrystalliferous mutant (YG1) of B. thuringiensis subsp. israelensis used in this study have been described previously (31) . In addition, an acrystalliferous mutant of B. thuringiensis subsp. fukuokaensis (LG101) was obtained by growing the wild type in nutrient broth in the presence of 1 g of ethidium bromide per ml at 42°C for 24 h. Strain DH10B (Gibco-BRL) was used for cloning in Escherichia coli. Shuttle vector pHT304 (2) that contains both B. thuringiensis and E. coli replication origins was used for expression in B. thuringiensis.
N-terminal sequencing. The N-terminal sequence of an 86-kDa protein from B. thuringiensis subsp. fukuokaensis was determined as follows. Briefly, B. thuringiensis subsp. fukuokaensis inclusions were solubilized in 50 mM NaCO 3 (pH 10.0)-10 mM dithiothreitol at 37°C for 30 min and separated on a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) gel. The gel was then transferred to a polyvinylidene fluoride membrane (Millipore). The 86-kDa protein band stained with Coomassie brilliant blue G250 was excised and subjected to N-terminal amino acid gas phase sequencing at the Biotechnology Instrumentation Facility at the University of California, Riverside. The N terminal sequences of the proteolytically processed 56-and 43-kDa proteins were similarly determined.
PCR identification and isolation of the 86-kDa protein gene. A degenerate 32-mer oligonucleotide, BTFN32, used for the forward PCR primer was designed based on the N-terminal sequence of the 86-kDa protein (Table 1) . A degenerate 27-mer oligonucleotide, BTCB3, was constructed from conserved sequence block 3 in Cry4A, Cry4B, and Cry10A toxins and was used as the reverse PCR primer. For PCR, 0.1 g of total DNA from B. thuringiensis subsp.
fukuokaensis was mixed with a solution containing each primer at a concentration of 1 M, each deoxynucleoside triphosphate at a concentration of 200 M, and 2.5 U of Taq polymerase in PCR buffer (Gibco-BRL). PCR amplification was accomplished with a DNA thermal cycler (Perkin-Elmer Cetus) by using the following program: 94°C for 1 min, 47°C for 2 min, and 72°C for 3 min for 30 cycles.
Isolation of the wild-type cry20Aa gene. Total DNA of B. thuringiensis subsp. fukuokaensis was digested with different restriction enzymes, separated in a 0.6% agarose gel, and then transferred to a nylon transfer membrane (Micron Separations Inc.). The membrane was then probed with a 32 P-labeled probe made with random hexamers by using the 2.7-kb PCR fragment that encodes fulllength 86-kDa protein as the template and amplified as described above. Hybridization was performed at 42°C for 16 h by using 10 7 cpm/ml. The membrane was washed at 65°C in solutions containing 2ϫ to 0.2ϫ SSC and 0.2% SDS (1ϫ SSC is 0.15 M NaCl plus 15 mM sodium citrate, pH 7.4).
Total DNA from B. thuringiensis subsp. fukuokaensis was digested with HindIII and PstI. Fragments that hybridized to the 2.7-kb PCR fragment were eluted from the agarose gel by using a Sephaglas kit (Pharmacia) and were ligated into the HindIII-PstI-digested pHT304 vector (2) to make a plasmid library. The library was then screened by limited growth PCR (22) by using a set of nested primers, BTFN27S and BTFN27A, which were designed by using the 2.7-kb PCR fragment ( Table 1) .
The 6.5-kb HindIII-PstI insert in pBTF86HP ( Fig. 1 fukuokaensis (LG101) were utilized. Briefly, bacterial cells cultured in 500 ml of brain heart infusion broth to an optical density at 600 nm of 0.4 were centrifuged, washed three times with 10% glycerol, and then resuspended in 0.8 ml of 40% polyethylene glycol 8000. The cells suspended in polyethylene glycol 8000 (0.2 ml) were mixed with 0.5 g of plasmid DNA, and electroporation was performed in a 0.2-cm cuvette by using a Bio-Rad Gene Pulser apparatus set at 25 F, 2.5 kV, and 400 ⍀. The transformants were selected on nutrient agar supplemented with 50 g of erythromycin per ml at 30°C, and the formation of parasporal inclusions was observed by phase-contrast microscopy.
B. thuringiensis transformants were grown on nutrient agar plates supplemented with 50 g of erythromycin per ml until cell autolysis was observed. The lysates were then harvested and washed with 10 mM EDTA-1 M NaCl-0.1 mM phenylmethylsulfonyl fluoride to partially remove the spores. The parasporal inclusions of B. thuringiensis subsp. fukuokaensis and B. thuringiensis israelensis were purified on discontinuous NaBr gradients as described previously (5) . Protein concentrations were determined with a detergent-compatible protein assay kit (Bio-Rad) by using bovine serum albumin as the standard.
Immunoblot analysis. Proteins were separated on a 10% SDS-PAGE gel and then transferred to a polyvinylidene fluoride membrane. The membrane was blocked for 2 h in phosphate-buffered saline (PBS) containing 5% bovine serum albumin and then probed for 1 h with rabbit antibody developed against whole inclusion proteins of B. thuringiensis subsp. fukuokaensis (31) in PBS-0.05% Tween 20. The membrane was washed three times with PBS-0.05% Tween 20 and then incubated with goat anti-rabbit immunoglobulin G-alkaline phosphatase. The membrane was then incubated with the substrate, a solution containing nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate.
Internal stem-loop modification. An internal stem-loop that consists of a 16-base stem and a 10-base loop between bp 2656 and 2697 of the cry20Aa gene was modified (Fig. 2) . Two products were amplified by Expand PCR (Boehringer Mannheim); these products were a 799-bp fragment between the StuI site and the inverted repeat 1 (IR1) site (amplified by using the BTF1856STU and BTF2655A primers [ Table 1 ]) and a 985-bp fragment between the IR1 site and the NheI site (amplified by using the BTF2655S and BTF3640NHE primers [ Table 1 ]). The two products were then fused and further amplified by using the BTF1856STU and BTF3640NHE primers. The amplified fusion product (1,784 bp) was digested with StuI-NheI and then used to substitute for the StuI-NheI fragment flanking the internal IR1 site of the cry20Aa gene. The modified cry20Aa gene in plasmid pBTF86HS was then sequenced to confirm that no mutations were introduced.
Chimeric constructs. The cyt1Aa gene promoter (27, 28) was amplified by using Expand PCR and two primers (Table 1) , a forward primer (HINCYTA-1S) containing a HindIII site and a reverse primer (CYT86-2A) that includes a 16-base sequence from the ATG start codon of the 86-kDa protein gene. Similarly, a 698-bp PCR fragment between the ATG start codon and the BsrGI site in the 86-kDa protein gene was amplified with two primers (Table 1) , a forward primer (CYT86-2S) that includes a 16-base sequence of the cyt1Aa promoter downstream and a reverse primer (BSR86-1A) containing a BsrGI site. Both PCR products were first denatured and annealed and then further amplified by using both HINCYTA-1S and BSR86-1A. The amplified 1,086-bp fusion product was digested with HindIII-BsrGI and used to replace the HindIII-BsrGI fragment of the wild-type 86-kDa protein gene (Fig. 1) .
In the same way, the full-length copy of the 20-kDa chaperonelike protein (p20) gene from B. thuringiensis subsp. israelensis (1) was amplified by using Expand PCR and fused with the cry11A (cryIVD) gene promoter (13) . Briefly, the cry11A promoter was amplified with two primers (Table 1) , a forward primer (SALIVD-1S) containing a SalI site and a reverse primer (20IVD-2A) that includes a 16-base sequence from the ATG start codon of the p20 gene. A 678-bp PCR fragment that includes the ATG start codon and the inverted repeat termination of the p20 gene was amplified with two primers (Table 1) , a forward primer (20IVD-2S) that includes a 16-base sequence of the cry11A promoter and a reverse primer (SALIVD-1A) containing a SalI site. Both PCR products were fused and further amplified by using SALIVD-1S and SALIVD-1A. The resulting 1,036-bp chimeric p20 gene in pLG1 contains SalI sites at both the 5Ј and 3Ј ends. All chimeric constructs were further sequenced to confirm that the proper constructs were obtained and that no mutations were introduced.
...ATGAAC(T)CCITA(C/T)CAA(G)AAC(T)AAIAAC(T)
Insect bioassay. Mosquitocidal activity was tested in 10 ml of tap water with 10 second-instar larvae of Aedes aegypti and C. quinquefasciatus. The assays were performed in triplicate by using three doses, and mortality was scored after incubation for 24 and 48 h at 22°C. The entire bioassay was repeated once, and 50% lethal concentrations (LC 50 s) were determined by averaging the results from these determinations.
Nucleotide sequence accession number. The nucleotide sequence accession number for cry20Aa is U82518.
RESULTS AND DISCUSSION
The first 11 amino acids of the 86-kDa protein from mosquitocidal B. thuringiensis subsp. fukuokaensis (31) were determined by protein sequencing to be MNPYQNNNEIV. This N-terminal sequence was highly homologous to the N terminus of the Cry4Aa and Cry10Aa toxins, MNPYQNKNEYE (25, 29) . To isolate the gene that encodes this 86-kDa protein, we first attempted to isolate a fragment by PCR by using primers BTFN32 and BTCB3 (Table 1) . When a PCR was performed with total DNA of B. thuringiensis subsp. fukuokaensis, no product was detected. However, a 2.7-kb PCR product was obtained when only the BTFN32 primer was used in the PCR. This 2.7-kb product was not obtained when total DNA from a plasmid-cured mutant of B. thuringiensis subsp. fukuokaensis was used for PCR. Nucleotide sequencing of this PCR product showed that it encodes the 86-kDa protein; however, Asp-8 of the N terminus was incorrectly determined to be Asn-8 during protein sequencing (Fig. 2) .
Southern analysis showed that this 2.7-kb PCR product hybridized to a 5-to 7-kb band of HindIII-PstI-restricted total DNA from B. thuringiensis subsp. fukuokaensis. This band was then used for construction of a plasmid library. Screening of this library led to the isolation of a clone that contained a 6.5-kb insert (Fig. 1) . The insert in this plasmid, pBTF86HP, was subjected to restriction enzyme analysis and nucleotide sequencing.
The DNA insert contains a 2,260-bp open reading frame (ORF) that encodes a 753-amino-acid polypeptide with a molecular mass of 86,138 Da (Fig. 2) . The Cry20Aa protein contains the five conserved sequence blocks that are characteristic of other toxins, such as Cry1, Cry4, and Cry10 (19) , but belongs to a new class of Cry proteins, the Cry20Aa class. Not surprisingly, the nine conserved residues, GPGHTGGDL, in block 3 of Cry4A, Cry4B, and Cry10A, which were used for designing the BTCB3 primer (Table 1) , were not found in Cry20Aa (Fig.  2) . This ORF is flanked by 839 bp upstream and 3,401 bp downstream (Fig. 1) . A putative ribosome binding site, which corresponds to a Bacillus Shine-Dalgarno sequence (20) , is located seven bases upstream from the start codon (Fig. 2 ). An inverted repeat (designated IR2) with a ⌬G o of Ϫ21.7 kcal (26), which may act as a transcription terminator, is located 293 bases downstream from the first stop codon (Fig. 2) . Interestingly, inverted repeat (designated IR1) with a ⌬G o of Ϫ20.2 kcal is found within the ORF between conserved sequence blocks 4 and 5 (Fig. 2) .
The deduced amino acid sequence of Cry20Aa was compared with the sequences of other mosquitocidal toxins, such as Cry4Aa (29) , Cry4Ba (8), Cry10Aa (25), Cry11Aa (14) , and Cry11Ba (12) . Cry20Aa has limited similarity to Cry4A, Cry4B, and Cry10A, mostly in the regions of the conserved sequence blocks, with overall levels of amino acid identity of 21 to 23%.
Initial attempts to express the Cry20Aa protein by using plasmid pBTF86HP in acrystalliferous B. thuringiensis subsp. israelensis (YG1) and B. thuringiensis subsp. fukuokaensis (LG101) mutants were not successful. Very low expression levels were observed, and these levels were detectable only by immunoblotting (data not shown).
To improve protein expression, several modifications were introduced. First, the downstream DNA sequence was deleted and the internal IR1 sequence present between conserved blocks 4 and 5 was modified (Fig. 2) to remove possible incomplete transcription without changing the amino acid residues of Cry20Aa. Second, the cyt1Aa gene promoter and its ribosome binding site were utilized in place of the cry20Aa gene promoter (Fig. 3) . Third, p20, a 20-kDa chaperonelike protein gene under control of the cry11A promoter, was included in the plasmid constructs upstream of the cry20Aa gene (Fig. 3) . Furthermore, this p20 protein gene was introduced in both orientations relative to the cry20Aa gene, since we have previously observed some differences in the expression of Cry proteins when the orientation is changed.
By using the wild-type inverted repeat-modified Cry20Aa, the chimeric Cry20Aa, and p20 protein genes, a series of plasmids were constructed (see Fig. 3 legend for details) . These plasmids, pBTF86HS, pLG201, pLG202, pLG203, pLG204, and pLG205, were used to determine Cry20Aa expression in YG1 cells. In all of these transformations inclusions were visible when phase-contrast microscopy was used (Fig. 4) . Interestingly, inclusions were also observed when plasmid pBTF86HS, which has a modified internal inverted repeat, was used in the transformations. This data suggests that the internal inverted repeat, IR1, may affect gene transcription either by decreasing transcript stability, by decreasing transcription, or by forming incomplete transcripts that fail to produce sufficient levels of protein to form inclusions. However, detection of inclusion formation and Cry20Aa production demonstrates that the promoter for the cry20Aa gene is within the 838-bp upstream sequence (Fig. 2) .
Large inclusions were observed in YG1 cells that were transformed with plasmid constructs pLG201, pLG204, and pLG205, in which the cry20Aa gene was under control of the cyt1A promoter (Fig. 4) . This promoter is activated by transcription factors E 35 and E 28 through early and late sporulation in B. thuringiensis subsp. israelensis (27, 28) , resulting in high Cyt1Aa protein expression, which consists of more than 50% of the total parasporal inclusion proteins in B. thuringiensis subsp. israelensis (27, 28) . However, all transformants with plasmids that utilized the cyt1Aa promoter had difficulty sporulating, possibly because the cyt1Aa promoter affects other processes that are dependent on sporulation-specific sigma factors.
Expression of Cry20Aa was further analyzed by SDS-PAGE and immunoblotting. B. thuringiensis YG1 cells transformed with each of the plasmids described above were harvested at the late sporulation stage at ca. 48 h. The spore-inclusion mixtures were directly analyzed on a 10% polyacrylamide gel (Fig.  5) . Protein expression was lower when plasmids pBTF86HS, pLG02, and pLG203, in which the cry20Aa gene is under control of its own promoter, were utilized (Fig. 5, lanes 2, 4, and  5 , respectively). Higher protein expression was detected when plasmids pLG201, pLG204, and pLG205 were used (Fig. 5,  lanes 3, 6, and 7, respectively) .
However, irrespective of the expression levels, the fulllength 86-kDa protein was rapidly degraded to smaller proteins of 56 and 43 kDa. More extensive degradation of the Cry20Aa protein was observed in YG1 cells transformed with pBTF86HS, pLG202, and pLG203, in which mostly the 43-kDa protein was detected (Fig. 5, lanes 2, 4, and 5, respectively) . Extensive Cry20Aa degradation was also observed in YG1 cells transformed with pLG201, pLG204, and pLG205 (Fig. 5, lanes  3, 6, and 7) . In these cells the 86-and 56-kDa bands were visible. These protein bands were visible because higher Cry20Aa protein levels were expressed and degradation was probably not complete. Furthermore, no difference in the extent of pattern of protein degradation was observed whether the Cry20Aa protein was expressed in B. thuringiensis subsp. israelensis YG1 or B. thuringiensis subsp. fukuokaensis LG101 cells (data not shown).
The 56-and 43-kDa proteins were confirmed to be the degraded products of the intact 86-kDa Cry20Aa protein by immunoblot analysis (Fig. 6, lanes 1 and 2) and also by Nterminal sequencing. The N-terminal sequences of the 56-and 43-kDa proteins were LLIVHE and NVNLNI, respectively, showing that cleavage occurs between Glu-98 and Leu-99 and between Ala-215 and Asn-216 of the intact 86-kDa Cry20Aa protein. This cleavage pattern indicates that both the 56-and 43-kDa proteins have truncated domains I and III that are required for insecticidal activity (6, 7) .
To decrease this protein degradation, the chaperonelike p20 protein under control of the cry11A promoter was used in combination with the cry20Aa gene. The p20 protein from B. thuringiensis subsp. israelensis is known to enhance protein production and help stabilize other B. thuringiensis proteins, such as the Cyt1Aa protein, whose expression in E. coli requires the p20 protein (1, 30) . Although the p20 protein increases cyt1Aa expression in B. thuringiensis, it did not enhance Cry20Aa expression or its stabilization. Constructs that contained the cry20Aa gene exhibited similar degradation patterns regardless of p20 coexpression (Fig. 5 , compare lane 2 with lanes 4 and 5 and lane 3 with lanes 6 and 7). In contrast, in B. thuringiensis subsp. fukuokaensis the Cry20Aa protein exists as an 86-kDa protein, and no 56-and 43-kDa proteins were detected (Fig. 5, lane 8) . Since wild-type B. thuringiensis subsp. fukuokaensis contains a number of proteins, each protein not Fig. 3; pLG204 , B. thuringiensis cells that were transformed with pLG204, whose map is shown in Fig. 3 . Bars ϭ 1 m. S, spore; C, crystal inclusion protein.
only is a component of the inclusion but may also function to stabilize other proteins. This in part may explain the Cry20Aa stability in the wild-type strain but not in plasmid-cured strain LG101.
To evaluate the mosquitocidal activity of the Cry20Aa protein, attempts were made to obtain purified parasporal inclusions. However, all attempts were unsuccessful since Cry20Aa rapidly degraded into tiny inclusions upon cell autolysis. These tiny inclusions contain mostly the smaller 56-and 43-kDa proteins, as determined by SDS-PAGE. Cry20Aa was degraded even when protease inhibitors were used during the isolation and purification procedures. Hence, the mosquitocidal activity was determined by using crude spore-inclusion mixtures.
The evaluation of the insecticidal activity of the Cry20Aa protein against A. aegypti and C. quinquefasciatus second-instar larvae showed that the Cry20Aa protein has low mosquitocidal activity (LC 50 , 600 to 700 g/ml) when a mixture of spores and crystals is used (Table 2 ). This low mosquitocidal activity is not surprising since very low levels of the intact 86-kDa Cry20Aa protein were present in the preparations used for the insect bioassays. The 56-and 43-kDa proteins that were present at much higher levels were not expected to be insecticidal since both of these proteins have truncated domains I and III. Domain I forms pores in the insect midgut cell epithelium and is essential for insecticidal activity (6) . Similarly, domain III is increasingly thought to play an essential role in insecticidal activity (7) . Interestingly, the 72-kDa Cry11Aa protein from B. thuringiensis subsp. israelensis is degraded to N-and Cterminal fragments of 40 and 32.5 kDa, respectively, by bacterial and mosquito larval midgut proteases. The individual Nor C-terminal moieties do not have mosquitocidal activity when applied individually, but mosquitocidal activity is restored when the two proteins are packaged together (11) . Consequently, to obtain higher mosquitocidal activity, it is essential that the degradation of the Cry20Aa be decreased, and attempts are underway to increase the stability of this protein. 
